The specific dynamic magnetic response and magnetic relaxation phenomena in magnetite-based glass-ceramics by controlled crystallization of Fe-rich borosilicate glasses with 25 wt% Fe 2 O 3 , in the presence of two types of nucleating agents, Cr 2 O 3 and P 2 O 5 , were investigated. The magnetic response is complex and shows contributions arising from two subsystems: a system with collective characteristics, superspin-glass like, and another one with single particle characteristics (superparamagnetic) with dipolar interaction. The nucleating agents have strong influence on the characteristic temperatures and anisotropy energy.
Introduction
Glass-ceramics with magnetic properties are a class of materials consisting of a glassy matrix in which a magnetic phase crystallizes. They are obtained by controlled crystallization of a parent glass which contains magnetic ions and some nucleating agents. Among the high variety of glasses, borosilicate glasses are very popular because they are fabricated with high reproducibility due to their low softening temperature. In addition, these glasses have low thermal expansion and low dielectric constant. The interest in using borosilicate glasses as a precursor for glass-ceramics stems from the tendency of these glasses toward phase separation. This separation is generated by the tendency of the glass former ions (Si , and Al 3+ ) to occupy preferred sites or coordination numbers. The addition of glass modifiers expands the fabrication flexibility of the glass-ceramics [1, 2] by controlling the conversion from trigonal [BO 3 ] to tetrahedral [BO 4 ] coordination in silica base glass. However, despite the wide compositional possibilities, only a few types of magnetic glass-ceramics with silicate or borosilicate glass parent were reported. Most of them are related to magnetite-based glass-ceramics [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and BaFe 12 O 19 [13] [14] [15] [16] [17] [18] [19] [20] but also SrFe 12 O 19 [21] [22] [23] [24] [25] and MgFe 2 O 4 [26] . In addition to the oxidic ingredients used for the fabrication of the parent glass, the nature of the nucleating agents seems to be highly relevant to the magnetic properties of the resulting glass-ceramics as well because they facilitate/inhibit the formation of certain phases and impose a specific growth pattern.
In a previous paper [27] , we investigated the static magnetic properties of magnetite-based glass-ceramics obtained from Fe-containing boroaluminosilicate glass parent. X-ray diffraction (XRD) data revealed that magnetite is the unique crystalline phase, whereas the  Mössbauer spectroscopy showed that magnetite has different degrees of structural imperfections that depend on the composition and nature of the nucleating agents included. However, the details of the magnetic response, mainly those ones related to the size distribution and the interactions between nanoparticles, were less discussed. The latter effect is emphasized when the concentration of the magnetite particles is increased. In this case, a pure superparamagnetic (SPM) description of individual nanoparticle response is no more adequate. Consequently, a disordered collective state, a superspin glass, should be taken into account [28, 29] . However, in real polydisperse systems, the slowing down of the magnetic dynamics is not consistent only with that of spin glasses because both single particle and collective effects must be present. Polydispersiveness is typical for glass-ceramics where thermal and athermal processes of crystallization occur. In addition, the presence of nucleating agents emphasizes that feature. Therefore, the dynamic response of the magnetic glass-ceramics is complex and requires a careful investigation.
In this paper, results from AC susceptibility data are used to reveal the dynamic features of the magnetization of the magnetite-based glass-ceramics obtained by controlled crystallization of Fe-rich borosilicate glass parent. The contribution of single particle vs. collective behavior is analyzed as a function of temperature, and the role of two nucleating agents, Cr 2 O 3 and P 2 O 5 , in the assignation of the limits of different regimes is presented.
Materials and methods
Magnetite-based glass-ceramics were fabricated starting from iron-rich borosilicate glasses with a constant content of boron, sodium, and iron oxides, but different nucleating agents, namely Cr 2 O 3 (sample designated as BSFC24) and P 2 All the ingredients mentioned above were mixed together in an agate mortar, and the batches were heated to the melting temperature in alumina crucibles in contact with air. The batches were slowly calcined up to 300 ℃ in order to minimize the sublimation of P 2 O 5 and to ensure the exhaust of decomposition products. Further, the mixture was heated up to 1480 ℃ and maintained at that temperature for 2.5 h to ensure the homogeneity of the melt. The melts were cast onto a steel mould preheated at 560 ℃ and then slowly cooled down to room temperature. In order to obtain the characteristic temperatures, specifically, the glass transition temperature G T , softening temperature soft T , lower and upper annealing temperatures la T and ua T , respectively, dilatometry investigations were performed on samples extracted from each batch. The data were necessary in the process of controlled crystallization. Thus, the glass slabs were one-step thermally treated at temperatures between ua T and soft T [30] . Table 2 shows the process parameters and the characteristic temperatures for each sample. Samples for dilatometry measurements were cut from each batch. Dilatometry data ( ; it is also used for the conversion of a certain amount of planar boroxol rings [BO 3 ] 0 into three dimensional [BO 4 ]  tetrahedra.
The small amount of aluminum was added in order to control the degree of phase separation because it [31] . In our samples, although alumina was nominally added only in BSFC24, about 2 wt% Al was also incorporated in the melt from the alumina crucible, and hence, was present in both samples. As the maximal molar amount of Al 2 O 3 is about 3%, including the alumina taken from crucible, most sodium was used for charge compensating Fe 3+ ions in the glass melts. The presence of more Al 2 O 3 in the sample BSFC24 would have to lead to more Fe 2+ ions in this sample, and hence, to a more depolymerized glass. This might be the reason for the higher degree of crystallization in this sample. A possible incorporation of Al in the magnetite structure is not confirmed by any structural measurements. Specifically, the lattice parameter does not shrink, as expected when Al is inserted [32] (see below), and the hyperfine fields do not show any change compared to pure magnetite [27] . Since most sodium is consumed by the aluminum and iron, the phase separation tendency of the borosilicate network is neither emphasized nor decreased by the small differences between the molar ratios of [B 2 O 3 ]/[SiO 2 ] which are 67% and 62% for BSFC24 and BSFP24, respectively. However, it might have effect on the properties of the glassy matrix which remained after magnetite crystallization. What is peculiar for Fe ions is their high tendency toward clustering and the formation of Fe-rich submicroscopic domains even in melts [33] . That makes the glass unstable relative to crystallization at high Fe content if submitted to thermal treatments [34] .
Structural investigations by X-ray diffraction (XRD) were performed using a Bruker-AXS-D8 Advance diffractometer with Cu K radiation. The samples were scanned in the 2θ range of 15°-100°, with a step of 0.03 and 6 s per step. The amorphous background was approximated from three large peaks located at 23°, 45°, and 60°, then fitted for positions, areas, and breadths for each sample. High resolution micrographs were obtained with an analytical transmission electron microscope JEM-ARM200F.
The magnetic properties were investigated with an MPMS SQUID magnetometer (Quantum Design) in the temperature range of 5-300 K and magnetic field up to 2 T. AC-magnetization data were taken between 3 and 1030 Hz at 1 Oe driving field amplitude.
Results and discussion

1 Phase structure
Electron microscopy data show the presence of two categories of magnetite nanoparticles grown in the glassy matrix as confirmed by electron diffraction data [27] . Specifically, there are a series of multicore magnetite crystallites of about 200 nm in size ( Fig. 1 ) which are immersed in a uniformly distributed collection of small nanoparticles of size smaller than 10-20 nm (Fig. 2) . The multicore crystallites are built of relatively large and well defined nanoparticles (size up to 50 nm). They suggest that nucleation occurs in Fe-rich bubbles which can develop in systems with a high tendency to microphase separation. Such phase separation within the glass melt is typical for borosilicate glass [35] . The smaller crystallites, which are also magnetite, have a complex distribution of the grain size as well (right panels of Figs. 2(a) and 2(b)). Roughly, this distribution was fitted with a bimodal lognormal function. Actually, bimodalism was reported also for other magnetite-based glass-ceramics obtained from glass parents [36] nanoparticles. Electron energy loss spectroscopy (EELS) data taken on the small nanoparticle and in its vicinity show that there is Fe in the nanoparticle and no Fe in the glassy matrix (Fig. 3) . All samples show magnetite as single crystalline phase in the bulk, as confirmed by XRD data as well (Fig. 4) . Mössbauer data confirm the presence of magnetite as unique phase in all bulk samples [27] . Traces of hematite are present only when the data were taken from the sample surface. They are the result of the oxidation process which occurs at the surface when the samples are processed. A broad bump located at 15 < 2θ < 28, which survives after the subtraction of the background, reminds the existence of an important amorphous content. The Rietveld full pattern fitting yields the following lattice parameters: a = 8.3954(12) Å and 8.3976(28) Å for BSFC24 and BSFP24, respectively. These values are slightly higher than the data for ideal magnetite (a = 8.39457(1) Å [37] ). The attempt to calculate the degree of crystallinity using the amorphous background and the large peaks located at 23, 45, and 60, is basically questionable because the amorphous glassy matrix, which consists mainly in light elements (Si, B, Na), and the crystalline magnetite have different atomic scattering factors. However, although the method yields only an approximate value, it might be useful for comparison if the glassy phases have close compositions. In our cases, this "pseudo-degree" of crystallinity is 74% for the sample BSFC24 and 45% for the sample BSFP24.
2 AC magnetic susceptibility
Our glass-ceramics have a complex structure with multicore submicron particles, bimodally distributed nanoparticles, and a glassy matrix with paramagnetic properties generated by the Fe ions remaining in the glass network. In addition, as the size of the nanoparticles decreases, the role of surface spins becomes more and more important. This complexity makes the interpretation of the magnetic response at low temperatures challenging. The superparamagnetism (SPM) of the individual nanoparticle would be expected to dominate over the magnetism of the larger particles on one hand, but, on the other hand, the high concentration of magnetic particles leads also to interparticle interactions. These interactions might change the anisotropy barriers leading to collective behavior where any spin reversal occurs with energetic changes in the whole system. This is a spin-glass-like state, namely, a superspin glass (SSG) state which is different from the SPM state with dipole-dipole interaction (or multipole if the particles does not possess a spherical shape), although it is a consequence of the SPM state for an intermediate strength of dipolar interaction (see Ref. [38] and references therein). The signature of each of these states can be investigated in its magnetic dynamics which could evidence the characteristics of the slowing down of the relaxation as the temperature decreases.
In the case of free magnetic nanoparticles (SPM), the relaxation of any magnetic configuration is controlled by the anisotropy energy barrier of density eff K . Thus, for activated processes at a given temperature T, the relaxation time  for a monodisperse system of particles, each one of volume V, is given by     Consequently, if the system is not monodisperse, the imaginary part of the AC susceptibility  is peaked at the average blocking temperature [39, 40] . However, as shown in Fig. 2 , the size distribution is not only polydisperse but is also bimodal, and hence, an average B
T cannot be defined and, at a given T, there is a mixture of magnetically blocked and unblocked nanoparticles. Consequently, it is better to define a distribution function of the blocking temperatures 
However, there are noticeable differences between B ( ) F T and the size distribution obtained from HRTEM because the former is related to the magnetic size. In magnetic size, an important term is related to the magnetic anisotropy ( eff K term in Eq. (1)) which involves also surface and shape contributions that are quite important in the case of nanoparticles. Therefore, eff K might significantly vary from particle to particle. Figure 5 shows the real part  and imaginary part  of the AC susceptibility as measured at different frequencies. For all samples, the amplitude of  is slowly decreasing with increasing frequency, whereas the positions of the low-and high-temperature kinks/peaks have different behavior. The decrease of  with frequency suggests the existence of a substantial density of magnetic nanoentities with relaxation time larger or equal to the probing frequency  [39] . In addition, there are differences between the samples with Cr 2 O 3 and that with P 2 O 5 . Specifically, the sample BSFC24 shows less emphasized low-temperature kinks, which are more conspicuous on the derivative, at about 25 and 60 K (corresponding to the inflexion points of the derivative), whereas the sample BSFP24 shows a well-defined low-temperature kink at about 40 K. In a certain way, these details are in agreement with the size distributions (Fig. 2) . At higher temperatures, the sample BSFC24 shows a broad hump at about 116 K and the sample BSFP24 a kink around 118 K. The high temperature humps/kinks are almost insensitive to frequency but the sensitivity increases with decreasing temperature for the kinks located at lower temperatures. Thus, the most sensitive to frequency is the low-temperature kink. For the sample BSFC24, this effect is visible in the corresponding peak of the derivative, which shifts with about 5 K.
The most obvious change is visible in the case of the sample BSFP24 where the low-temperature kink, which is clearly singled out, shifts from 37.3 K at 3 Hz to 43.9 K at 1019 Hz. Usually, a cusp in  would indicate either a transition to collective dynamics or the unblocking of the superparamagnetic nanoparticles. However, none of these assumptions are totally correct. On one hand, the cusp is either a hump (BSFC24) or only a kink (BSFP24) and is practically independent on frequency, and, on the other hand, the polydispersity of size distribution makes it difficult to allocate a unique blocking temperature. The fast decrease of susceptibility at low temperatures might indicate a freezing process of some clusters but this is not the unique process that occurs in the system.
The frequency dependence of the imaginary part  is even more complex for both samples. Theoretically, in a system of nanoparticles with uniformly distributed sizes, and hence, with distributed relaxation time, the out-of-phase susceptibility would show a peak at m  [35] . The BSFC24 and BSFP24 samples show that  is multipeaked (Fig. 5(b) ) in agreement with the multimodal size distribution (Fig. 2(a) ). In addition,  has kinks, which cannot be observed on the size distribution. In the case of the BSFC24 sample, it shows two peaks and a very conspicuous kink. In the case of the BSFP24 sample,  has a well-defined peak at low temperatures T < 32 K, whereas at high temperatures (T > 120 K), there is an increase of the amplitude suggesting a second but large peak (Fig. 5(e) ). In all cases, the peaks and kinks shift towards higher temperatures as the frequency increases. In a system with a high density of magnetic nanoparticles, where the interactions between nanoentities can go beyond a simple dipolar interaction, the presence of several peaks can shed more light on the nature of the interaction as well on their temperature dependence. Valuable hints are provided by the temperature dependence of the relaxation time.
The attempts to fit the relation between peak temperatures and the relaxation time 10 s with eff K V = 387 and 438 K for BSFC24 and BSFP24, respectively (Fig. 6) . However, the same fit gives unphysical results for 0  in the case of the high-temperature peak
34 s) though the expectation is that magnetic relaxation should be governed in a higher degree by the dynamics of the individual nanoparticle at high temperature. In addition, the peak height of  decreases with increasing frequency in the case of the sample BSFC24 but increases with increasing frequency in the case of the sample BSFP24 ( Fig. 5(e) ). The low-temperature kink (in ( ) T  ) or peak (in Fig. 6 Plot of m  vs. temperature for the BSFC24 and BSFP24 samples as obtained from the low-temperature peak of  vs. temperature pl T dependence.
( ) T  
) has been attributed to the spin-glass-like freezing of the disordered spins located on the surface shell of the nanoparticles [43] . However, the relaxation time obeys Eq. (1) but not to the critical scaling valid for spin-glass systems (see below). In addition, our Mössbauer data (not shown) suggest that these low temperature details correspond to an increase of the spectral area of the paramagnetic doublets as the temperature increases, and hence, to an increased rate of SPM unblocking [44, 45] . Most likely, the freezing of the disordered surface spins is present, mainly on the tiny nanoparticles, but it overlaps on the most visible process of unblocking. The failure of Eq. (1) to depict the relaxation as well as the anomalous dependence of the peak height on frequency point towards the role of the interparticle interactions [46] and, consequently, require a different relationship between m  and temperature.
For weak interactions, the relaxation process is better depicted by a Vogel-Fulcher-type dependence [47] :
where 0 T is a measure of the interparticle interaction strength. If the interaction is stronger, the long range correlation of the random distributed moments becomes dominant and the system gets features of SSG with the freezing temperature G T . In this case, the temperature dependence of the relaxation time is given by the dynamic scaling law [48, 49] :
where z  is the dynamical critical exponent, and 11 s, G T = 108 K, and z  = 5.6 for BSFP24. The fit with both models gives the same residual, and therefore, it is hard to decide which one is more appropriate. When a DC field of 1000 Oe was superimposed, neither the peaks nor the kinks of ( ) T correspond to an SSG [51] . The afore-mentioned plot is shown in Fig. 7 for both high-temperature (main panel) and low-temperature peaks (inset). Data obtained from the linear fits of the two samples yield   0.06 for the low-temperature peak, which suggests relatively strong interactions between nanoparticles but not at the strength of a spin-glass yet, whereas data obtained from high-temperature peak yield  = 0.017 and 0.014 for BSFC24 and BSFP24, respectively. These latter values suggest stronger particle interactions similar to spin glass systems. The Tholence ratio, p(s) 
 
and 0.17 for the BSFC24 and BSFP24 samples, respectively. These data suggest also a mixture of collective and single particle behavior [53] . T vs. log( )  for the hightemperature peak (main panel) and low-temperature (inset) peak of  for both BSFC24 and BSFP24 samples.
Such a decomposition into two uncoupled subsystems, SPM and SSG, was proposed by Chen et al. [54] for the samples with high size dispersivity. Probably, this is the result of the interplay between the inhomogeneous distribution, which would lead to formation of SSG on percolating clusters, and the presence of the glassy matrix which diminishes the dipolar interactions that might induce the SSG state for the tiniest nanoparticles [55] . On the other hand, as the temperature decreases, the superspin of the largest particles progressively becomes blocked and starts obstructing the collective behavior [56] .
Actually, the presence of SSG at rather high temperatures is confirmed by the field cooled (FC) magnetization vs. temperature data (insets in Fig. 5(a) and Fig. 5(d) ). In an SPM state, the FC magnetization increases as the temperature decreases because the spins are blocked in the direction of the field. In the cases of both BSFC24 and BSFP24 samples, FC magnetization is almost flat with a small deep below the high-temperature kink. This dependence is typical for SSG [57] . What is puzzling is the prevalence of single particle behavior at low temperatures and of collective behavior at high temperatures. To explain that, we have to invoke the model of two independent subsystems [54] . One subsystem is made of weakly interacting clusters that progressively freeze starting at relatively high temperatures (with the relaxation time obeying Vogel-Fulcher/scaling law dependence) with only a fraction of the superspins participating to the SSG [53] . The second subsystem is made of the independent tiny "fast" nanoparticles with enhanced anisotropy energy that display an SPM behavior even at low temperatures on a background made of SSG blocked nanoparticles as the low value  shows. Both p T  and  parameters suggest that the SSG formation is more emphasized in the case of BSFP24 sample than in the case of the BSFC24 sample. In addition, it starts at a higher temperature in the case of the latter. We do not rule out the role of the surface spins in entire this picture. They substantially change the shape and surface anisotropies [58] . This effect is emphasized in ferrite-like structures by the existence of two sublattices [59] . Thus, both static and magnetic properties are significantly modified relative to larger particles where the role of the surface is negligible (see Ref. [60] and references therein). However, although we noticed an enhanced coercivity, the expected exchange bias, which is generated by the interaction of the surface spin glass with the ferrimagnetic core, is very weak, about 30 Oe at 5 K. Therefore, we attribute the low-temperature peaks to the unblocking of the "fast" nanoparticles and not to the spin-glass-like freezing of the surface spins. These spins can only modify the interparticle interaction.
The different dynamic response of the two samples is due to the differences in the magnetite structure and size distribution. These differences, in turn, are rooted in the different mechanisms of nucleation and growth. To be more specific, Cr 2 O 3 generates Cr-based spinel-like nuclei which incorporate Fe thus creating a perfect base for further growth of magnetite crystallites (see Ref. [41] and therein references). Meanwhile, P 2 O 5 , which is a glass forming oxide, has a tendency to form phosphate complexes in borosilicate glass melts, like nonbridged Na-P species which are the critical nuclei (see Ref. [44] and therein references). Consequently, Cr 2 O 3 uses 98% of Fe ions to form crystalline magnetite (the remaining Fe participates to the glass network) but with a significant degree of underoccupation of the octahedral sublattice [45] , whereas this percentage is only 86% in the case of P 2 O 5 but with a perfect structure of magnetite [44] . The effect of the nucleating agents is also visible on the crystallite size and size distribution (Fig. 2) . Both distributions are roughly bimodal lognormal distributions but in the case of Cr 2 O 3 the grains are larger on average where the high size mode is by far dominant, whereas the sample BSFP24 has smaller grains and the modes are well separated, almost equally populated with a lower skewness (the shape factors are practically half of those of BSFC24). In addition, the smaller size of the tiniest nanoparticles in the sample BSFP24 emphasizes the role of the surface spins which leads to a triple higher coercivity.
Conclusions
The dynamic magnetic properties of the magnetite-based glass-ceramics obtained from borosilicate parent glasses with high content of Fe are dependent on the nature of the nucleating agents. The rich content of iron of the parent glass leads to the growth of a series of submicron crystallite magnetite and to large amount of nanoparticles with a bimodal size distribution. Consequently, the blocking temperatures show also a multimodal distribution and the AC-magnetic susceptibility data confirm this bimodalism. The analysis of the distribution of the blocking temperatures suggests the existence of a mixture of collective and single spin behavior. Specifically, the larger nanoparticles with higher B T have a behavior predominantly collective, similar to a superspin-glass but an important fraction of nanoparticles, the "fast superspins", still display characteristics of free superspins, typical for a superparamagnetic system with dipolar interaction. The contribution of these spins is more important at low temperatures where the higher spins are practically frozen. The nucleating agents have influence on both freezing temperature G T , which is more than double for BSFP24 compared to BSFC24, and the interparticle interaction which is almost three times higher. We attribute this behavior to the different nature of the nuclei on which the magnetite nanoentities grow.
